The synthesis of (thiolfan*)Zr(NEt 2 ) 2 (thiolfan* = 1,1 0 -bis(2,4-di-tertbutyl-6-thiophenoxy)ferrocene) and its catalytic activity for intramolecular hydroamination are reported. In situ oxidation and reduction of the metal complex results in reactivity towards different substrates. The reduced form of (thiolfan*)Zr(NEt 2 ) 2 catalyzes hydroamination reactions of primary aminoalkenes, whereas the oxidized form catalyzes hydroamination reactions of secondary aminoalkenes.
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Redox-switchable catalysis is a field of growing importance, in which a redox-active functionality is incorporated within the framework of a metal complex. 1 Historically, the oxidation or reduction of a transition metal catalyst results in a change in the metal's oxidation state; this may result in compound degradation or loss of catalytic activity. As an alternative, the integration of a redox-active ligand into a metal complex provides a controllable way of tuning its electronic properties, potentially inducing selectivity or new catalytic activity with changing the redox state. 1e-g The activity of a metal complex supported by a redox-active ligand can be influenced in situ by the redox event occurring at the ligand via a chemical or electrochemical process. Redox switchable catalysis has been applied successfully to the ring-opening polymerization of cyclic esters and ethers, 2 and to olefin polymerization. 1e,3 Polymerization is so far the only area of redox switchable catalysis in which two orthogonal reactions could be coupled, resulting in the synthesis of block copolymers.
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The first example using a metallocene redox switch in order to influence catalytic activity was reported by Wrighton and co-workers in 1995 (Fig. 1) . 5 In that seminal work, the authors showed that a rhodium complex containing cobaltocene (reduced form) is a better catalyst for the hydrogenation of olefins than the corresponding compound incorporating cobaltocenium (oxidized form). The reverse trend was observed in the hydrosilylation of acetone. It is important to note that the two states of the catalytically active species did not achieve an on/off switch for either reaction. Since then, several groups have become interested in applying redox switchable catalysis to organic synthesis using homogeneous catalysts.
6 These efforts fall into two categories: (1) different reaction rates for the two catalytically distinct states that apply to a single reaction (including on/off switches); (2) The last example is the only reported instance in which the two catalytic cycles were combined for assisted tandem catalysis. Although reports of tandem catalysis 8 are numerous, the number of examples of assisted tandem catalysis is relatively small, 9 likely because of issues associated with reagent/substrate compatibility and the complexity in designing such a single 'multitasking' catalyst. As such, switchable catalysis may provide a general method for obtaining complex products. The first step in achieving assisted tandem switchable catalysis is to demonstrate that the two states of a catalyst show complementary on/off reactivity for each reaction. In the case of ring opening polymerization, the two substrates are rather similar and follow similar mechanisms. Therefore, we decided to take an analogous approach in order to develop applications to organic synthesis and focus on hydroelementation reactions. Zirconium catalysts were reported to exhibit hydroamination selectivity independent on the charge of the complex and the type of aminoalkene used. With few exceptions, 10 Herein, we report the development of an [OSSO]-type zirconium complex, (thiolfan*)Zr(NEt 2 ) 2 (thiolfan* = 1,1 0 -bis (2,4-di-tert-butyl-6-thiophenoxy)ferrocene), which can be switched in situ between a neutral and a cationic species when triggered by the oxidation/ reduction of the ferrocene backbone. The two catalytic states generated by electron transfer react with different types of substrates (Fig. 2) . The reaction of H 2 (thiolfan*) with Zr(NEt 2 ) 4 results in the clean formation of (thiolfan*)Zr(NEt 2 ) 2 , as confirmed by NMR spectroscopy ( 1 H NMR spectrum - Fig. S1 , 13 C NMR spectrum - Fig. S2 , and heteronuclear single quantum coherence, HSQC, spectrum - Fig. S3 , ESI †), and elemental analysis.
To investigate the redox properties of (thiolfan*)Zr(NEt 2 ) 2 , cyclic voltammetry experiments were performed in o-F 2 C 6 H 4 using
= tetrapropylammonium tetrakis(3,5-bis-(trifluoromethyl)phenyl)borate) as an electrolyte, revealing two irreversible oxidation events (Fig. 3) . The electrochemical behaviour of (thiolfan*)Zr(NEt 2 ) 2 contrasts that of the corresponding alkoxide complex, (thiolfan*)Zr(O t Bu) 2 , which can be reversibly oxidized and reduced.
2d Although a cyclic voltammetry study of (thiolfan*)- ] contain a low-spin iron(II) (Fig. S43 , ESI †). An X-band electron paramagnetic resonance (EPR) spectrum acquired at 77 K indicates the presence of an organic radical (g = 2.006, Fig. S44 , ESI †). Furthermore, UV-vis spectra (Fig. S45, ESI To investigate the reactivity of (thiolfan*)Zr(NEt 2 ) 2 in intramolecular hydroamination reactions, a catalytic amount (10 mol%) of (thiolfan*)Zr(NEt 2 ) 2 was added to a J.-Young NMR tube with the aminoalkene/alkyne of interest and an internal standard, hexamethylbenzene (HMB), and the reaction mixture was heated to 100 1C in C 6 D 6 . Control experiments were performed (Fig. S34, ESI †) . However, full conversion of 2a (Table 1) to 2b was observed under the same reaction condition (Fig. S35, ESI † (Fig. S36, ESI †) . After 2 hours, a partial conversion (34%) was observed with NaBAr F (Fig. S37, ESI (Fig. S38 , ESI †), and no conversion was observed with FcPF 6 (Fig. S39, ESI †) [5] [6] [7] [8] [9] [10] [11] [12] . However, the results obtained with 1a and 2a indicate that there is selectivity between primary and secondary aminoalkenes triggered by the oxidation state of the zirconium catalyst. Unfortunately, the selectivity was lost with primary aminoalkynes: 7a cyclized in the presence of both the reduced and oxidized species (Table 1, entries 13 and 14) .
In our search for redox-switchable catalysts for organic transformations, (thiolfan*)Zr(NEt 2 ) 2 was successfully synthesized and characterized. We found that (thiolfan*)Zr(NEt 2 ) 2 catalyses the hydroamination of primary aminoalkenes, whereas an oxidized species generated in situ catalyses the hydroamination of secondary aminoalkenes. The selectivity of the two oxidation states observed in these reactions will form the basis of developing redox switchable catalysts for assisted tandem reactions. This work was supported by the National Science Foundation (Grant CHE-1809116 to P. L. D. and CHE-1048804 for NMR spectroscopy) and UCLA. Yi Shen is grateful for an INFEWS fellowship (NSF Grant DGE-1735325).
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